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Available online 26 November 2007AbstractThis paper presents estimates of detailed seasonal variations in ice-flow velocity for Shirase Glacier calculated using data ob-
tained by Japanese Earth Resources Satellite-1 (JERS-1) synthetic aperture radar (SAR). We used 12 pairs of images (44-day repeat
cycle) over the interval from 30 April 1996 to 1 July 1998 to estimate ice-flow fields using an image correlation method. Geometric
registration was performed with reference to the RADARSAT Antarctic Mapping Project (RAMP) image dataset. Error analysis
based on feature mismatch indicated an absolute error of 0.30 km/a and relative error of 0.04 km/a in the estimated flow ve-
locity. The obtained ice-flow velocity increases rapidly from the upstream region (1.18 km/a) to the grounding line, where it be-
comes stagnant (2.32 km/a), before accelerating gradually to 2.62e2.82 km/a in the downstream region and then increasing to
3.05e3.50 km/a at the terminus of the floating ice tongue. The ice-flow velocities in the downstream region are highly variable,
depending on both the distance from the grounding line and the observed epoch (season). Most of the obtained seasonal variations
in ice-flow velocity at the floating ice tongue are within the range of the associated error estimate, but the annual difference between
1997 (3.11 km/a) and 1998 (3.50 km/a) is significant, reflecting a possible acceleration in the ice-flow velocity in association with
the disappearance of the floating ice tongue between April and May of 1998. In terms of the summerewinter difference in averaged
air temperature, the large difference recorded in 1997 (17.0 C) relative to 1996 (13.9 C) corresponds to a reduced ice-flow
velocity in 1997 (approximately 0.20 km/a) relative to that in 1996 (approximately 0.30 km/a), indicating interactions between
air, sea ice, and glacier flow in Lu¨tzow-Holm Bay.
 2007 Elsevier B.V. and NIPR. All rights reserved.
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doi:10.1016/j.polar.2007.09.002balance of the ice sheet, as the discharge of ice mass
is largely dependent on the velocity of ice streams.
Ice-flow velocities in the area of the Shirase Glacier
have been estimated in the past using several different
methods. Ice flow at the floating ice tongue has been de-
tected from the movement of icebergs recorded on ae-
rial photographs taken in the 1960s and 1970s,
yielding an estimated flow value of 2.5 km/a (Nakawo
et al., 1978; Fujii, 1981). Recent satellite remote sens-
ing data also indicate a flow velocity at the floatingreserved.
Fig. 1. (a) Map of Lu¨tzow-Holm Bay, East Antarctica. The black
rectangle defines the area of Shirase Glacier analyzed in the present
study. (b) Location of the grounding line (as determined by Yamano-
kuchi et al., 2005) overlain upon a JERS-1 SAR image taken on 30
April 1996. For further clarification of the extent of the upstream and
downstream regions, see Fig. 5.
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2002), with an estimated flow velocity at the grounding
line of 2.3 km/a (Rignot, 2002). These results demon-
strate that Shirase Glacier is one of the fastest-moving
ice streams in Antarctica.
Previous studies have reported only the annual mean
ice-flow velocity of Shirase Glacier; however, the flow
velocity needs to be investigated in greater detail to pre-
cisely determine seasonal changes in the mass balance
of the Antarctic ice-sheet. Microwave remote sensing
data, and in particular synthetic aperture radar (SAR)
data, are useful in this regard because of their all-
weather observation capabilities and high spatial reso-
lution (30e50 m).
Pattyn and Derauw (2002) and Rignot (2002) de-
rived the above flow velocities using the interferometric
SAR technique. Because complex SAR data decorrelate
rapidly (within 10 days) over the ice-sheet and glacier
area, application of the interferometric SAR technique
is limited to images acquired over short time periods
of around 3 days. This means that phase correlation can-
not be achieved without data from the European Re-
mote Sensing Satellite (ERS) tandem mission (1-day
repeat cycle) or the ERS-1 ice mode operation (3-day
repeat cycle). Given that both missions are limited in
their operational schedule (4 months around Shirase
Glacier and 14 months in total for a tandem mission;
7 months in total for an ice mode operation), seasonal
variations cannot be detected using these archived
ERS SAR data.
In contrast, the approach taken in matching the am-
plitudes of SAR images can be used in correlating
scenes over a long time period, as shown by Wakabaya-
shi and Nishio (2004). The present paper presents de-
tailed estimates of ice-flow vectors for Shirase Glacier
obtained using the SAR amplitude image-correlation
method. This method can be applied to a long observa-
tion span (1996e1998 in the present study) and a long
repeat cycle (44 days in the present study) for SAR data
obtained by the Japanese Earth Resources Satellite-1
(JERS-1).
2. Shirase Glacier
The Shirase Glacier was named after the famous ex-
plorer Nobu Shirase, who attempted to become the first
Japanese explorer to reach the South Pole. The Glacier
is located approximately 150 km south of Syowa Sta-
tion (Fig. 1(a)). The location of the grounding line
shown in Fig. 1(b) was calculated based on the interfer-
ometric SAR technique (Yamanokuchi et al., 2005). For
convenience, we divide the area into two regionsrelative to the grounding line: the upstream region ex-
tending to Dronning Maud Land (Mizuho Plateau),
and the downstream region extending to Lu¨tzow-
Holm Bay (Fig. 1(b)). Seasonal flow characteristics
are discussed in terms of a representative central
streamline (thick line in Fig. 1(b)).
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Plateau area of Dronning Maud Land (Naruse, 1978;
Mae and Naruse, 1978). The terminus of the ice stream
of the glacier reaches Lu¨tzow-Holm Bay in the form of
a floating ice tongue. Given that the floating ice tongue
is surrounded by sea ice, the glacier mass has no direct
outlet from Lu¨tzow-Holm Bay; instead, the elongated
ice tongue is known to periodically disappear at inter-
vals of approximately 10 years (e.g., Nishio, 1990), al-
though the details of its outlet mechanism remain
unknown.
Ushio et al. (2006) recently proposed a qualitative
explanation of the outlet mechanism: at times of the dis-
integration of the sea ice surrounding the floating ice
tongue, the terminus of the tongue fragments into ice-
bergs that flow northward. Thus, the behavior of the
floating ice tongue must be related to the stability of
conditions in the sea-ice region of Lu¨tzow-Holm Bay.
3. JERS-1 SAR data
The JERS-1 satellite was launched on 11 February
1992 by the National Space Development Agency of Ja-
pan (NASDA; since reorganized as the Japan Aerospace
Exploration Agency: JAXA). The onboard L-band SAR
(wavelength: 23.5 cm) observes the Earth’s surface
from an altitude of 568 km with a repeat period of 44
days.
JERS-1 SAR intensively observed Shirase Glacier
and its surrounding region from 1996 to 1998; these
data were archived by the National Institute of Polar Re-
search (NIPR) in collaboration with NASDA/JAXA. It
is possible to estimate the displacement of a given point
upon Shirase Glacier at 44-day intervals using the ar-
chived SAR data. Table 1 summarizes the SAR observa-
tion dates used in this study. The interval between epochTable 1
List of the JERS-1 SAR data used in the present analysis
(1) 30 Apr 1996 (8) 14 Jul 1997 (11) 06 Jan 1998
(a) (g) (i)
(2) 13 Jun 1996 (9) 27 Aug 1997 (12) 19 Feb 1998
(b) (h) (j)
(3) 27 Jul 1996 (10) 10 Oct 1997 (13) 04 Apr 1998
(c) (k)
(4) 09 Sep 1996 (14) 18 May 1998
(d) (l)
(5) 23 Oct 1996 (15) 01 Jul 1998
(e)
(6) 06 Dec 1996
(f)
(7) 19 Jan 1997
The numbering used in this table corresponds to the SAR observation
dates in Fig. 2.(1) and (2) is 44 days, providing good correlation be-
tween the two SAR scenes. Likewise, a good correlation
was achieved between epochs (2) and (3), and so on;
however, the interval between epochs (7) and (8) was
176 days, meaning that changed surface scattering char-
acteristics between the two images give rise to a poor
correlation. We used a total of 12 SAR image pairs
((a) through (l) in Table 1) to cover 2e3 seasons with
the aim of detecting seasonal variations in the flow char-
acteristics of Shirase Glacier.
4. Data analysis
4.1. SAR data processing
The application of an image correlation method in
estimating the ice-flow vector requires accurately co-
registered SAR images. We first generated single-look
complex (SLC) images from JERS-1 raw data using
the common routine of the GAMMA SAR Processor
developed by GAMMA Remote Sensing Research
and Consulting AG, Switzerland. From the generated
SLC images, we precisely estimated the range and azi-
muth offsets to sub-pixel accuracy, and accurately co-
registered the images. Because speckle noise in the
SLC images introduces errors into estimates of flow ve-
locity, we generated a multi-look amplitude image with
2 looks in range and 6 looks in azimuth.
Intensity in the image was then converted to back-
scattering coefficients. Geometric registration was per-
formed with reference to the existing SAR image
database compiled from RADARSAT (Canadian SAR
satellite) observations; i.e., the RADARSAT Antarctic
Mapping Project (RAMP) image dataset (Jezek and
RAMP Product Team, 2002). The RAMP image is char-
acterized by polar stereographic coordinates in the
World Geodetic System 1984 (WGS84) reference sys-
tem. As the present region of concern is of limited ex-
tent (90 90 km), we used the pixel coordinates
transformed into the Universal Transverse Mercator
(UTM) coordinate system. The accuracy of geometric
registration was within one pixel, and the resolutions
of range and azimuth were 28.0 and 34.8 m, respec-
tively. The obtained Multi-look Geocoded Amplitude
(MGA) image is shown in Fig. 2, in which the numbers
correspond to the acquired scenes listed in Table 1.
4.2. Calculations of flow velocity
The image correlation method detects similarities in
a pair of co-registered images by examining a matched
point between the feature window of the reference
Fig. 2. Multi-look backscatter amplitude images of the JERS-1 SAR scene over Shirase Glacier for the following dates: (1) 30 April 1996, (2) 13
June 1996, (3) 27 July 1996, (4) 9 September 1996, (5) 23 October 1996, (6) 6 December 1996, (7) 19 January 1997, (8) 14 July 1997, (9) 27
August 1997, (10) 10 October 1997, (11) 6 January 1998, (12) 19 February 1998, (13) 4 April 1998, (14) 18 May 1998, (15) 1 July 1998.
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Fig. 3. Schematic diagram illustrating the image correlation method.
X and Y indicate the master and slave images, respectively. The
square areas in X and Y are m n (pixel) windows in the azimuth
and range directions, respectively. Matches for these windows were
identified using the correlation coefficient r, which is given by Eq.
(1). When the correlation peak is found at the location (up,vp) on
Y, the displacement vector is obtained from (up i0,vp j0). Conse-
quently, the ice-flow vector can be determined from Eq. (2).
77K. Nakamura et al. / Polar Science 1 (2007) 73e83(master) image and that in the search (slave) image. In
the search procedure, the feature window (with a size of
m pixels in azimuth and n pixels in range) was fixed in
the master image and tracked within the larger slave im-
age by shifting the central position P of the window (see
Fig. 3).
Matching of the two feature windows is a function of
range displacement v j0 and azimuth displacement
u i0 (see Fig. 3), and the degree of similarity of the
two windows can be quantified by the following equa-
tion:
rðu; vÞ ¼
P
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where r(u,v) is the normalized correlation coefficient
(from 1 to 1) between the master and slave feature
windows at the center location; X(i, j) and Y(i, j) are
the intensity values at the range location i and azimuth
location j of the master and slave images, respectively;
and X and Y are the average intensity values of the entire
master and slave feature windows, respectively.
The size of the feature window was set at m¼ 32 by
n¼ 32 pixels with reference to the size of an iceberg at
the calving front of Shirase Glacier (size approximately
1 km2). A matching criterion of acceptance was empir-
ically set at a threshold of correlation coefficient value
of 0.20; calculated values in our present case varied
from 0.24 to 0.95, with an average of 0.54 for the
most probable obtained displacement values (up,vp). Af-
ter performing the processes described above, we calcu-
lated the ice-flow velocity V from the matched features
as follows:
V¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Asðup i0Þ
2þRsðvp j0Þ
2q ðm=44-daysÞ
ð2Þ
where (i0, j0) indicates the location of the reference fea-
ture window in the master image, and Rs and As indicate
the spacing of one pixel unit for the range (Rs¼ 28.0 m)
and azimuth (As¼ 34.8 m) directions, respectively.
The degree of feature mismatch is less than1 pixel
unit, corresponding to a mean displacement resolution
of 36.3 m. This corresponds in turn to an absolute er-
ror in ice-flow velocity of 36.3 m/44 days 365
days¼0.30 km/a. The ratio of the absolute error
(0.30 km/a) to the annual mean velocity at the ground-
ing line (2.33 km/a, as described in Section 5.4), i.e.,
0.13, can be considered empirically as the relative errorthat represents the degree of mismatch of feature dis-
placement. The relative error in ice-flow velocity can
then be expressed as0.30 km/a 0.13¼0.04 km/a.
The image correlation method was used successfully
to determine displacements within the Shirase Glacier
region between the successive epochs listed in Table
1. For example, Fig. 4(a) shows the displacement calcu-
lated over the 44-day period between 30 April 1996 and
13 June 1996. The flow velocity exceeds 400 m/44-days
at the front of the floating ice tongue, while velocity pat-
terns are complex in the upstream region, reflecting the
complex pattern of tributary ice streams flowing into the
main stream. Similarly, Fig. 4(b)e(l) show the flow ve-
locities calculated for the periods between the other
pairs of epochs listed in Table 1.
5. Results and discussion
5.1. Flow-velocity profile
A profile of ice-flow velocity along the central
streamline is shown in Fig. 5. The ice-flow velocity
Fig. 4. Color-coded maps of the distribution of ice-flow velocity (m/44-days) within Shirase Glacier, as derived from JERS-1 SAR images and the
background in that map used the master image (the first day in epoch). Velocities are calculated based on displacements calculated between the
following pairs of images: (a) 30 April and 13 June 1996, (b) 13 June and 27 July 1996, (c) 27 July and 9 September 1996, (d) 9 September and
23 October 1996, (e) 23 October and 6 December 1996, (f) 6 December 1996 and 19 January 1997, (g) 14 July and 27 August 1997, (h) 27 August
and 10 October 1997, (i) 6 January and 19 February 1998, (j) 19 February and 4 April 1998, (k) 4 April and 18May 1998, (l) 18May and 1 July 1998.
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Fig. 4 (continued).
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Fig. 4 (continued).
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Fig. 5. Profiles of ice flow measured in 1996, 1997, and 1998. Red lines indicate summertime data, while blue lines indicate wintertime data.
Light blue lines indicate data calculated following the loss of the floating ice tongue in 1998, and green lines indicate other periods.
81K. Nakamura et al. / Polar Science 1 (2007) 73e83increases from the upstream region to the downstream
region. The velocity 30 km upstream from the ground-
ing line is 28.0 m/44-days, which corresponds to
0.23 km/a, approximately one-tenth of the velocity at
the grounding line.
Mae and Naruse (1978) reported that the fixed-based
laminar ice sheet flowwith an ice thickness of 3000 m is
incapable of generating a surface flow velocity above
0.03 km/a for any reasonable physical properties of
ice. The surface flow velocity of 28.0 m/44-days
(0.23 km/a) obtained above is approximately 8 times
higher than the maximum fixed-base surface flow ve-
locity of the ice layer. The 30-km section of Shirase
Glacier located immediately upstream from the ground-
ing line must be wet-based, and an eastewest asymme-
try in the bedrock topography is believed to give rise to
the eastward turning of the glacier, although these
hypotheses have yet to be addressed in detail (see
Nakamura et al., 2007).
The ice-flow velocity at the grounding line is
280.0 m/44-days, corresponding to 2.32 km/a; this is
consistent with the value of 2.3 km/a obtained by
Rignot (2002). As illustrated in Fig. 5, the ice-flow ve-
locity at the grounding line is approximately constant
for all 12 observed epochs, being devoid of significant
seasonal change. The section of grounding zone with
a width of 10 km about the grounding line (0 kmmark in Fig. 5) may act as a bottleneck, with the narrow
trench along this section controlling the velocity of the
ice stream in Shirase Glacier.
In contrast to the slightly variable upstream region
and approximately constant grounding line, ice-flow ve-
locities in the downstream region are highly variable,
depending on both the distance from the grounding
line and the observed epoch (season). The highest esti-
mated velocity was 474.3 m/44-days (3.93 km/a) at the
terminus of the floating ice tongue, as derived from the
image pair taken in April and May of 1998 (Fig. 4(k)).
This variability may be related to variability in the ex-
tent of sea ice in Lu¨tzow-Holm Bay, as discussed in
the following sections.
5.2. Discharge of the floating ice tongue in 1998
In comparing Fig. 2(13) and (14), it is clear that the
floating ice tongue broke away from the glacier at some
time between 4 April and 18 May 1998. The size of the
lost area of the tongue is estimated to be 198.6 km2.
Vigorous summertime melting or ice divergence
(open-water formation) is occasionally observed in
Lu¨tzow-Holm Bay. The subsequent breakup of sea ice
sometimes results in the southward advance of fractured
offshore ice floes into Lu¨tzow-Holm Bay, commonly
in autumn. According to Ushio (2003), the above
Table 2
Annual mean flow velocity of Shirase Glacier at different regions
along the central streamline
Year Terminus of
floating ice tongue
Downstream
region
Grounding
line
Upstream
region
1996 3.05 km/a 2.62 km/a 2.32 km/a 1.17 km/a
1997 3.11 km/a 2.70 km/a 2.32 km/a 1.18 km/a
1998 3.50 km/a 2.82 km/a 2.34 km/a 1.19 km/a
The distance from the grounding line to the upstream and downstream
regions was set at 30 km.
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recent times, and has occurred every year since 1997.
There is a close relation between events involving
the break-up of landfast sea ice and the development
of embayments. The break-up events are also associated
with the enhanced intrusion of oceanic swells into the
coastal region during embayment periods (Ushio,
2003). For example, Higashi et al. (1982) reported
that ocean swell effects detected in the tidal record at
Syowa Station were responsible for the break-up events
observed in Lu¨tzow-Holm Bay. The results of Ohshima
et al. (1996) provide additional evidence that the influ-
ence of swell intrusion is enhanced when the wind
speed reaches its maximum levels in autumn (April),
when the prevailing northeasterly wind is recorded at
Syowa Station. After the disintegration of landfast sea
ice, the floating ice tongue is easily able to move
away under the weak southerly prevailing winds. The
combined effect of the sea-ice condition and the autumn
wind field may explain the episodic disappearance of
the floating ice tongue from Lu¨tzow-Holm Bay.
5.3. Seasonal variations in ice flow
In Fig. 5, we define the 1996 summertime as the im-
age pair of December 1996 and January 1997 (dashed
red line), while the 1997 summertime is defined as the
image pair of January and February 1998 (solid red
line). Likewise, we define the 1996 wintertime as the
image pair of July and September 1996 (dotted blue
line), and the 1997 wintertime as the image pair of Au-
gust and October 1997 (dashed blue line).
In comparing the red and blue lines, it is clear that
the flow velocities are higher in the summertime than
in the wintertime. The velocity difference between the
1996 summertime and wintertime was 20.6 m/44-days
(0.17 km/a) in the upstream region and 34.7 m/44-
days (0.29 km/a) in the downstream region; these values
are region-wide averages from the grounding line. In
1997, the corresponding differences were 13.6 and
24.1 m/44-days (0.11 and 0.20 km/a), respectively.
Similarly, at the terminus of the floating ice tongue
(35 km from the grounding line along the streamline),
the velocity difference between the 1996 summertime
and wintertime was 56.3 m/44-days (0.47 km/a), while
that between the 1997 summertime and wintertime was
58.4 m/44-days (0.48 km/a).
We can summarize the above results as follows: sum-
mertime ice-flow velocity in the downstream region
shows annual variations (0.3 km/a in 1996 and
0.2 km/a in 1997), whereas flow velocity at the terminus
of the floating ice tongue shows an approximatelyconstant summerewinter difference of around 0.47e
0.48 km/a.
It is interesting to assess whether the above charac-
teristics are related to meteorological conditions at
Syowa Station. The average summertime air tempera-
tures were 0.2 C in 1996 and 1.3 C in 1997, while
the wintertime values were 14.1 C in 1996 and
18.3 C in 1997. Therefore, the summerewinter dif-
ferences in air temperature were 13.9 C in 1996 and
17.0 C in 1997. The large temperature difference ob-
served in 1997 relative to that in 1996 is consistent
with the observation of a low ice-flow velocity
(0.20 km/a) in 1997 relative to that in 1996 (0.30 km/
a). Although a direct relationship has yet to be estab-
lished between the above air-temperature differences
and the stiffness of sea ice, consistent relations have
been observed among meteorological observations,
sea-ice conditions, and flow velocity in the downstream
region of Shirase Glacier. Additional data may help
to clarify the characteristics of glacier dynamics in
Lu¨tzow-Holm Bay.
5.4. Annual variations in ice flow
Table 2 summarizes the calculated annual variations
in ice-flow velocity. In combination with the data pre-
sented in Fig. 5, it is clear that the ice-flow velocity in-
creases rapidly from the upstream region (1.18 km/a) to
the grounding line, where it becomes stagnant at
2.33 km/a before accelerating gradually to 2.62e
2.82 km/a in the downstream region and finally 3.05e
3.50 km/a at the terminus of the floating ice tongue.
In terms of annual variations, most of the obtained
values are within the ranges of the associated errors, al-
though the difference between 1997 (3.11 km/a) and
1998 (3.50 km/a) is significant, possibly reflecting an
acceleration in ice-flow velocity.
6. Conclusions
We applied an image correlation method to 15
JERS-1 SAR images acquired over the Shirase Glacier
83K. Nakamura et al. / Polar Science 1 (2007) 73e83region between 30 April 1996 and 1 July 1998. The
obtained characteristics of ice-flow velocity along the
central streamline are as follows. The velocity in-
creases from the upstream region to the grounding
line, where the velocity becomes approximately con-
stant across the 10 km width of the streamline. The ve-
locity increases again from the grounding line towards
the floating ice tongue. The velocity is highest in sum-
mer and lowest in winter. Among the three annual
mean flow velocities (1996, 1997, 1998) determined
at the terminus of the floating ice tongue, the highest
was recorded in 1998; this appears to be related to
the establishment of an outlet between April and
May of 1998.
Use of the PhasedArray typeL-band SAR (PALSAR)
sensor onboard the Advanced Land Observing Satellite
(ALOS) will reveal the characteristics of the flow veloc-
ity of Shirase Glacier in even greater detail.
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